Missense mutations in the p53 tumor suppressor occur frequently in human breast cancer and in¯uence both the prognosis and response to chemotherapy. Amino acid 175 (equivalent to murine 172) is the second most common site of missense mutations in p53 in human breast cancer. Over 95% of these mutations are arginine-to-histidine (R-H) substitutions resulting in a gain-of-function, and not merely a dominant-negative phenotype. Transgenic mice expressing a p53 172 R ± H construct targeted to the mammary gland by means of a whey acidic protein (WAP) promoter were characterized as a model system in order to determine the speci®c eects of this mutation on mammary tumorigenesis. Although transgene expression alone had no apparent eect on normal mammary development, transgenic mice treated with the chemical carcinogen dimethylbenz(a)anthracene developed tumors with much shorter latency than did control littermates and had a greater tumor burden. Tumors arising in transgenic mice did not exhibit either decreased apoptosis or increased cell proliferation relative to tumors arising in nontransgenic littermates, but did display increased genomic instability. Large pleiomorphic nuclei were visible in many tumors from transgenic mice, and DNĀ ow analysis con®rmed the presence of signi®cant aneuploid cell populations. Since these transgenic mice develop very few spontaneous tumors, while accelerating carcinogen-and oncogene-mediated tumorigenesis, this mouse model will, therefore, be useful in the investigation of early events in mammary tumorigenesis. It may also be used as a preclinical model to test newly developed chemotherapeutic strategies.
Missense mutations in the p53 tumor suppressor occur frequently in human breast cancer and in¯uence both the prognosis and response to chemotherapy. Amino acid 175 (equivalent to murine 172) is the second most common site of missense mutations in p53 in human breast cancer. Over 95% of these mutations are arginine-to-histidine (R-H) substitutions resulting in a gain-of-function, and not merely a dominant-negative phenotype. Transgenic mice expressing a p53 172 R ± H construct targeted to the mammary gland by means of a whey acidic protein (WAP) promoter were characterized as a model system in order to determine the speci®c eects of this mutation on mammary tumorigenesis. Although transgene expression alone had no apparent eect on normal mammary development, transgenic mice treated with the chemical carcinogen dimethylbenz(a)anthracene developed tumors with much shorter latency than did control littermates and had a greater tumor burden. Tumors arising in transgenic mice did not exhibit either decreased apoptosis or increased cell proliferation relative to tumors arising in nontransgenic littermates, but did display increased genomic instability. Large pleiomorphic nuclei were visible in many tumors from transgenic mice, and DNĀ ow analysis con®rmed the presence of signi®cant aneuploid cell populations. Since these transgenic mice develop very few spontaneous tumors, while accelerating
Introduction
The development of both p53 knockout and p53 mutant transgenic mice has greatly facilitated studies of the role of p53 in carcinogenesis and tumor progression (Donehower, 1996) . Mice de®cient in p53 display a high frequency of spontaneous tumors the most frequent of which are lymphomas, osteosarcomas and soft tissue sarcomas (Donehower et al., 1992; Harvey et al., 1993) . However, unlike Li ± Fraumeni syndrome patients, mammary adenocarcinomas are only infrequently observed in the p53 null mice. While the p53-de®cient mouse model has been useful for some in vivo chemical carcinogenesis assays (Harvey et al., 1993; Kemp et al., 1993) , no dierence in the induction of mammary adenocarcinomas has been observed between mice heterozygous or wild type for p53 following treatment with 7,12-dimethylbenz [a] anthracene (DMBA) (Jerry et al., 1994) . Similar studies have not been performed in p53 null mice because of the early mortality due to spontaneous lymphomas and sarcomas. However, crossing p53 null mice with lines of transgenic mice overexpressing speci®c oncogenes provided new insights into the mechanisms by which dierent signal transduction pathways interact with p53 to increase tumorigenesis (Donehower et al., 1995; Fukasawa and Vande Woude, 1997; Hundley et al., 1997) .
Unlike the deletion or nonsense mutations observed in other tumor suppressor genes, most p53 alterations are missense mutations resulting in the expression of a functionally altered protein (Hainaut et al., 1997; Hollstein et al., 1991) . Such mutations in p53 may result not only in a loss-of-function, but also in the generation of molecules with dominant-negative as well as gain-of-function properties (Dittmer et al., 1993; Hsiao et al., 1994; Ko and Prives, 1996) . Speci®c mutations in p53 have been associated not only with a poor prognosis in breast cancer patients, but also with primary resistance to chemotherapy (Aas et al., 1996) . Colorectal tumors with point mutations within the conserved domains of p53 have been reported to be inherently more aggressive than tumors with point mutations outside these domains (Goh et al., 1995) . Interestingly, mutations of codon 175, one of the ®vè hotspot' codons present in the sequence-speci®c DNA binding domain of p53, were reported to be particularly aggressive. These represent *20% of all p53 mutations reported to date (Hainaut et al., 1997) . The side chain of R175 is not involved in contacting DNA, but in loop stabilization (Cho et al., 1994) . The nature of the substitutions found at the most frequently mutated codons, such as codon 175, may vary between tumor types and the properties of these mutants may be cell type-speci®c (Hainaut et al., 1997; Ory et al., 1994) . The unique properties of certain p53 mutants may re¯ect their selective activation of speci®c DNA targets (Dittmer et al., 1993; Thukral et al., 1995) and their participation in novel protein-protein interactions (Chen et al., 1994) .
Using regulatory sequences from the rat whey acidic protein gene linked to a murine p53 minigene, we have established lines of transgenic mice that selectively overexpress a murine 172 R ± L mutant p53 (analogous to the human 175 R ± L mutant) in the mammary gland (Li et al., 1994) . These mice exhibited impaired lobuloalveolar development, an increased sensitivity to girradiation-induced apoptosis, and a marked resistance to DMBA-induced mammary tumorigenesis (Li et al., 1995) . Furthermore, the p53 172 R ± L mutant exhibited many properties characteristic of wild type p53. While the mutation of R to L at codon 175 has been detected previously, albeit infrequently, in human breast cancers, the R to H mutation is the second most frequent mutation observed in breast cancer, accounting for approximately 6% of all p53 mutations reported to date (Hainaut et al., 1997) .
In this study, we describe the generation and characterization of lines of transgenic mice that express the murine equivalent p53 172 R ± H mutant in the mammary gland. These mice exhibited no detectable alterations in normal mammary gland development or alterations in the levels of proliferation or apoptosis. In contrast to the 172 R ± L p53 transgenics, the expression of a 172
R ± H p53 mutant in the mammary gland resulted in increased susceptibility to mammary carcinogenesis induced by DMBA. These carcinogen-induced mammary tumors displayed increased genomic instability, but no detectable alteration in the levels of apoptosis. Since a very low incidence of spontaneous mammary tumors was observed in mice expressing the p53 172 R ± H transgene, these mice are an excellent model in which to study the mechanisms by which p53 172 R ± H may cooperate with other oncogenes (Li et al., 1997) and tumor suppressor genes involved in mammary carcinogenesis. These mice should also aid in the identi®cation of novel genetic alterations leading to an increased predisposition to mammary cancer.
Results

Construction of a p53 minigene bearing the 172 R ± H mutation
To facilitate the ecient expression of speci®c p53 mutants in the mammary gland, a genomic p53 minigene has been utilized rather than a cDNAderived construct (Li et al., 1994) . A PCR mutagenesis and recombination protocol was employed to substitute histidine (CAC) for arginine (CGC) at codon 172 in the wild type p53 minigene by the method described previously for the leucine substitution (Li et al., 1994) . The minigene bearing the correct mutation was subsequently placed under the control of whey acidic protein (WAP) regulatory sequences to target transgene expression to the mammary gland and to ensure high levels of expression ( Figure 1a) .
Expression of the 172
R ± H p53 mutant in the mammary gland Nine transgenic FVB founders carrying the WAP-p53 172 R ± H transgene were characterized by Southern blot analysis ( Figure 1b , lanes 2 ± 10). Digestion of genomic DNA with BamHI generated a 5.6 kb endogenous mouse p53 fragment and the expected 2.3 kb transgene fragment. The approximate copy numbers of the transgene were assessed using appropriate loading and copy number standards (Li et al., 1994) Transgene expression was detected in ®ve of the nine lines examined by Northern blot analysis of total RNA isolated from the mammary gland at day 2 of lactation, a time when the transgene should be expressed maximally ( Figure 1c ). Transgene expression did not appear to be copy-number dependent, and the highest expression levels of the WAP p53 172 R ± H transgene were observed in line 8512. (Li et al., 1994 (Li et al., , 1995 . (b) Quantitative Southern blot analysis of all founders of the 172 R ± H mutant transgenic line. Mouse tail genomic DNA was digested with BamHI, electrophoresed on a 0.6% regular agarose gel, transferred to Zeta-probe GT (Bio-Rad) membrane and hybridized with a probe covering exons II, III, IV and introns II and III of the murine p53 gene. The 5.6 kb band is endogenous p53, and the 2.3 kb band is the transgene. Lane 1 (5071) is DNA from a p53 172 R ± L transgenic mouse known to carry 45 copies of the transgene, as a copy number control. Lanes 2 ± 10 are DNA from nine lines of positive 172 R ± H p53 mutant transgenic mice. Of these, lines 8518 and 8531 are C57BL mice, and all others are FVB. Founders 8509, 8512, and 8518 are female; all others are male. The ®lm was exposed for 22 h. (c) Demonstration of p53 172 R ± H transgene expression in the mammary gland of transgenic mice by Northern blotting. Twenty mg of total RNA isolated from the mammary glands of transgenic mice at day 2 of lactation were analysed on a 1.2% denaturing RNA gel, transferred to Zeta-probe membrane, and hybridized with a (Figure 2 , lane 1). Under these RNA loading conditions and using short autoradiographic exposure times, wild type p53 transcripts were not detected in control mammary glands at day 2 of lactation.
In the absence of DNA damage, p53 levels are normally quite low in the mammary gland during lactation. However, as reported previously (Li et al., 1994) , overexpression of the 172 R ± L mutant, which retains some wild type transactivation properties, correlated with a substantial increase in CIP1/p21 expression ( Figure 2, lane 2) . In contrast, the levels of CIP1/p21 did not appear to be altered by the overexpression of the 172 R ± H p53 mutant in the three independent transgenic lines analysed (Figure 2 , lanes 3 ± 5). Similarly, mdm2 mRNA is known to be positively regulated by wild type p53 in an autoregulatory loop (Ko and Prives, 1996) and mice carrying the 172 R ± L transgene express mdm2 mRNA at much higher levels. Here, it appears that lines of mice expressing the 172 R ± H mutant and the control mice have approximately equal levels of mdm2 expression. In contrast, the expression of proliferating cell nuclear antigen (PCNA) mRNA was unchanged in the mice expressing the 172 R ± H mutant and the control, but markedly reduced in the 172 R ± L mutant, as reported previously (Li et al., 1994) . Finally, levels of mouse WAP mRNA were assessed in order to determine whether milk protein gene expression was aected in these transgenic lines. Consistent with the observed failure of the 172 R ± L mice to lactate (Li et al., 1994) , no WAP expression was detected in these transgenics ( Figure 2 , lane 2). In contrast, mice bearing the 172 R ± H p53 transgene lactate normally and expressed levels of WAP mRNA equivalent to those seen in controls.
Transgene expression does not aect normal mammary gland development
Overexpression of some transgenes in the mammary gland, including the WAP-172 R ± L p53 construct (Li et al., 1995) has resulted in altered lobuloalveolar development, the result of markedly increased levels of apoptosis during pregnancy. Therefore, it was essential to determine whether or not the 172 R ± H p53 mutant in¯uenced glandular morphology in the absence of carcinogen treatment. Female mice from the highest expressing line, #8512, bore normal numbers of pups that were well within the accepted weight range at each stage of development and comparable to FVB littermates. The pups survived to adulthood, suggesting that there was no transgenerelated lactational dysfunction.
Several additional experiments were conducted in order to directly investigate if there were any detectable changes in mammary gland development that might have resulted from the transgene-induced alterations in cell cycle regulation or apoptosis. Mammary glands were removed from FVB mice and transgenic line #8512 at 17 days of pregnancy and at 2 days of lactation, times at which transgene expression was maximal. Cell proliferation levels were assessed using immunohistochemistry by counting the number of dividing cells that incorporated BrdU injected 2 h Figure 2 Northern analysis of gene expression in the mammary glands of wild type and p53 172 R ± L and p53 172 R ± H transgenic mice. Twenty mg of RNA isolated from the mammary gland at day 2 of lactation was resolved on a 1.2% denaturing RNA gel, transferred to Zeta-probe membrane, and hybridized with 32 Plabeled probes of murine p53, CIP 1, MDM2, PCNA and mouse WAP, respectively. The bottom panel shows the ethidium bromide stained gel to demonstrate equivalent loading of total RNA. Lane 1 is RNA from FVB non-transgenic mice, lane 2 RNA from 172 R ± L p53 mutant mice (line 5017), and lanes 3 ± 5 RNA from three independent lines of 172 R ± H p53 mutant transgenic mice (in order, 8533, 8518 and 8512). The panels demonstrating p53, CIP 1, MDM2, PCNA, and mouse WAP expression were exposed for 20 h, 11 days, 9 days, 48 h and 1 h, respectively prior to sacri®ce. No signi®cant dierence was observed in the percentage of BrdU positive cells in the mammary gland in the control or transgenic mice at either stage of development ( Figure 3a) . Moreover, the overall percentages of proliferating cells were quite low, as would be expected at these stages of mammary gland development.
S
To determine if expression of p53 172 R ± H aected apoptosis, the mammary glands from mice that underwent forced involution, i.e. whose litters were removed at day 10 of lactation and who were then left to involute for 5 days before sacri®ce, were paranembedded, sectioned, and stained for apoptotic cells using the TUNEL method (Gavrieli et al., 1992) . The levels of apoptosis assessed by counting representative ®eld were as expected, i.e. approximately 4% (Li et al., 1996) , and were comparable between the FVB and transgenic mice (Figure 3b ).
This lack of a signi®cant dierence in either the level of proliferation or apoptosis was re¯ected in the mammary gland morphology assessed by comparative whole mount analysis. No striking dierences were observed between glands of the transgenic and control mice, except for a slightly denser ductal network observed in the FVB as compared to the transgenic mice following forced involution (data not shown). Finally, it should be noted that no transgene-related pathologies were observed in any other tissues examined. No spontaneous tumors were observed in the ®rst year of life, through four lactations. Furthermore, only four spontaneous tumors have been observed in a population of at least 25 ± 30 mice over a year of age continuously expressing the transgene in the 5 yrs since this line was generated. Together, these results suggest that the presence of the transgene itself does not accelerate tumorigenesis.
Increased susceptibility to mammary carcinogenesis following DMBA administration Despite the rare incidence of spontaneous tumors in line #8512, it was of interest to determine the susceptibility of these mice to mammary tumorigenesis following exposure to a known mammary carcinogen. Starting 2 weeks after implantation of pituitary isografts to stimulate maximal transgene expression, groups of transgenic and nontransgenic mice were given the chemical carcinogen DMBA at 0.5 mg/wk for 2 weeks. Subsequently, the tumor incidence, time of appearance, total tumor number per animal, and tumor histopathology were assessed a b Figure 3 Transgene expression does not appear to aect either cell proliferation or rate of apoptosis in non carcinogen-treated mammary glands of transgenic mice as compared to FVB control mice. (a) Mean percentages of proliferating cells, measured by BrdU incorporation. Lanes 1 and 2 represent proliferation levels of FVB mammary glands removed at 17 days of pregnancy and 2 days of lactation, respectively, and lanes 3 and 4 are proliferation percentages in glands removed from 172 R ± H p53 mutant mice at the same stages of pregnancy for comparison. Proliferation levels do not appear to vary signi®cantly between the FVB and transgenic mice at either stage. (b) Analysis of apoptosis levels by the TUNEL method. Glands analysed were from FVB and p53 172 R ± H transgenic mice whose litters were removed at 10 days of lactation and then force-involuted for a further 5 days prior to sacri®ce. Lanes 1 and 2 depict mean apoptotic cell percentages in the number 3 and number 4 mammary glands respectively of the FVB mice, while lanes 3 and 4 depict levels of apoptosis in the corresponding mammary glands of the transgenic mice. Error bars re¯ect the standard error of the mean in both panels Table 1 ). By 28 weeks, 100% of the transgenic mice (n=8) had developed tumors, at an average of 1.9 tumors per animal. By comparison only 85% of the wild type mice (n=13) had developed tumors by week 45, and each of these mice developed only one tumor. Thus, it appeared that both the rate of tumorigenesis and the tumor burden induced by DMBA treatment were aected by the expression of the 172 R ± H p53 mutant transgene in the mammary gland.
DMBA-induced tumor pathologies are variable and in¯uenced by p53 status
The DMBA-induced tumors were excised, paranembedded and sectioned for staining as described in Materials and methods. A diverse spectrum of tumor pathologies were observed using Masson's trichrome staining as illustrated in Figure 5 . The representative tumor histology from DMBA-treated FVB control mice is shown in Figure 5a and b. Figure 5a depicts a Figure 5b is a pure MAC, but also contains a large stromal component. The representative tumor histology for the DMBA-treated transgenic mice is shown in Figure 5c and d. Figure 5c shows an adenoma with a greater than 80% epithelial component, and d is an undierentiated MAC with a greater than 90% epithelial content. The majority of tumors induced in the transgenic mice were classi®ed as mammary adenocarcinomas, type B; and the remainder were adenomas. In contrast, in the nontransgenic FVB mice, four tumors were carcinomas with extensive squamous metaplasia and seven were adenocarcinomas. Tumors with the greatest latency (weeks 43, 44 and 45) exhibited metastasis to lung (data not shown).
Mechanisms responsible for p53 transgene-mediated tumorigenesis
To study the mechanism by which expression of the p53 transgene might increase the rate of tumor appearance and tumor burden, it was ®rst determined that mutant p53 was in fact overexpressed in the DMBA-induced tumors from transgenic mice. Representative sections of tumors were stained with p53 using the CM5 antibody (the kind gift of Dr David Lane) to detect both wild type and mutant p53. As illustrated in Figure 6a , b and d DMBA-induced tumors from p53-transgenic animals displayed intense nuclear staining for p53 in the epithelial cells. The p53 transgene was found to be expressed at levels several 100-fold higher than wild type p53 (Li et al., 1995) . No staining was observed in the majority of the DMBA-induced tumors observed in nontransgenic FVB control mice (Figure 6c ) because of the short half-life of wild type p53. However, mutations in p53 have been reported to occur infrequently in DMBA-induced mammary tumors in Balb/c and hemizygous p53 mice (Jerry et al., 1994) , and accordingly, weak p53 staining was observed in only two of the DMBA-induced tumors in the nontransgenic FVB controls (data not shown).
Based upon previous studies performed in several mouse model systems it was expected that loss of wild type p53 function resulting from the overexpression of a dominant-negative mutant p53 might decrease apoptosis leading to the increased tumorigenesis and tumor burden in transgenic mice. To test this hypothesis the levels of apoptosis were examined in carcinogen-induced tumors from both transgenic mice and nontransgenic controls using the TUNEL assay (Gavrieli et al., 1992) . Representative TUNEL-stained sections of carcinogen-induced tumors in wild type mice, both a combination of MAC and AAC, are depicted in Figure 7a 
The 172 R ± H p53 mutant appears to induce genomic instability
In order to determine if the presence of the mutant p53 transgene exerted an eect on proliferation that might account for the increase in carcinogen-induced tumorigenesis, tumor sections were stained using a speci®c anti-PCNA antibody (Figure 8b and e) . Equivalent numbers of PCNA-positively staining cells, ranging from 25 ± 35%, were detected in tumors arising in the nontransgenic and transgenic mice. However, marked dierences in nuclear morphology were observed between tumor nuclei in the transgenic as compared to the nontransgenic mice as illustrated by both hematoxylin-and-eosin staining (Figure 8a and d) and PCNA staining (Figure 8b and e). The tumor nuclei in transgenic mice were pleiomorphic, usually larger and more irregular in shape, and demonstrated marked subnuclear structures.
Flow cytometric analysis of paran-embedded cells from representative tumors induced by DMBA in transgenic and nontransgenic mice was employed to determine DNA content and the total number of cells in S-phase (Table 1) . Representative histograms of a diploid tumor from a nontransgenic mouse, and an aneuploid tumor from a transgenic mouse are illustrated (Figure 8c and f) . No correlation was observed between tumor genotype and the percentage of cells in S-phase, but a slightly greater number of tumors in the transgenic mice were tetraploid or aneuploid than those in the nontransgenic group.
Ras mutations are not detected in DMBA-induced tumors
Carcinogen-induced mammary tumorigenesis following DMBA treatment has been reported to result from the activation of the Ha-ras-1 oncogene by an A-T transversion at codon 61 (Dandekar et al., 1986; Kumar et al., 1990) . In addition, chromosome instability induced by the loss of p53 is greatly enhanced by the constitutive activation of the MAPK pathway (Fukasawa and Vande Woude, 1997) . Accordingly, tumors were screened for the presence of Ha-ras mutations using a nested PCR-RFLP protocol, as well as through direct sequencing of the PCR products (see Materials and methods for details). Surprisingly, carcinogen-induced tumors arising in both nontransgenic and transgenic mice appeared to lack the Ha-ras codon 61 A-T transversion commonly caused by DMBA administration (data not shown). Several carcinogen-induced tumors were used as positive controls. Preliminary results also suggested that at least two other common carcinogen-induced ras mutations (Ki-ras, codons 12 and 61) were not present in either group of the DMBA-induced tumors. 
Discussion
Targeted overexpression of a 172 R ± H p53 transgene did not appear to aect normal mammary development as determined by morphological examination of mammary gland wholemounts, analysis of the levels of apoptosis and proliferation at several stages of development, and ®nally, by the ability of the mice to nurse their young and synthesize normal levels of milk protein mRNAs. These observations are consistent with previous studies that indicated that mammary gland development, including both ductal morphogenesis (Humphreys et al., 1996) , lobuloalveolar development and lactation (Donehower et al., 1992) , and apoptosis and remodeling of the mammary gland during involution will occur through p53-independent pathways (Li et al., 1996) . The loss of wild type p53 function may slightly alter the timing of these processes, but p53 is not essential for normal mammary gland development. Expression of the 172 R ± H mutant p53 did not alter the expression levels of p21, MDM2, PCNA, or several other genes known to be regulated by wild type p53. Again this result was expected because the 175 R ± H mutant human p53 protein was shown not to interact with a consensus p53 DNA-binding site, and failed to transactivate a p53-dependent reporter gene construct (Davido et al., 1991; Lavigueur et al., 1989; Ory et al., 1994; Prosser et al., 1990) .
Despite the lack of an essential role for p53 in normal mammary gland development, p53 does appear to play a critical role in mammary tumorigenesis. Mice expressing the p53 172 R ± H transgene exhibited a very low level of spontaneous tumorigenesis, but were predisposed to the development of mammary tumors when treated with the chemical carcinogen, DMBA. Tumors developed much earlier in transgenic mice than in controls, and the transgenic mice had a greater tumor burden. The absence of ras mutations in DMBA-induced tumors from both the nontransgenic and p53 mutant transgenic mice was unexpected based upon previous reports of ras mutations in carcinogeninduced tumors in Balb/c mice (Dandekar et al., 1986; Guzman et al., 1992; Kumar et al., 1990) . Previous studies have indicated that FVB mice given four doses of DMBA of 1 mg each were quite refractory to mammary carcinogenesis as compared to Balb/c mice. However, the present studies were performed in FVB mice containing pituitary isografts that produce high serum prolactin and progesterone levels, facilitating the expression of milk protein gene-based transgenes and replacing the need for continuous breeding. These mice all developed tumors within 13 weeks following the last dose of carcinogen (Li et al., 1995) . In the present study, one fourth the dose of DMBA (0.5 mg given twice) was employed, and tumors developed with a mean latency of 30 weeks for the nontransgenic FVB controls. Thus, the constitutive activation of the JAK/ Stat, Src and MAPK pathways by prolactin may have abrogated the need for activating ras mutations (Zhang et al., 1990) .
Mice carrying the 172 R ± H p53 mutant transgene have also been crossed in separate experiments with mice overexpressing erb-B2 (Li et al., 1997) and desIGF-1 (Murphy KL, Hadsell D and Rosen JM, unpublished observations), both of which were speci®cally targeted to the mammary gland. Tumors appeared in these bigenic mice with a signi®cantly shorter latency than mice expressing either growth factor transgene alone. Thus, mice expressing the p53 172 R ± H transgene, while developmentally normal, exhibited accelerated tumorigenesis in conjunction with the overexpression of certain growth factors or growth factor receptors, as well as following exposure to a chemical carcinogen. R ± H transgene often have strikingly larger and more irregular nuclei (here, highlighted by both hematoxylin and eosin staining (a and d) and proliferating cell nuclear antigen (PCNA) staining (b and e). Further analysis by¯ow cytometry (c and f) was performed to determine whether genomic irregularities were present in the aberrant nuclei. The presence of an aneuploid population (e.g. yellow peak, f) was noted more frequently in the tumors from mice expressing the p53 172 R ± H transgene. (a and c) Are representative analyses of a nontransgenic FVB tumor, while (d and f) represent analyses of a tumor that arose in a p53 mutant transgenic mouse These mice, therefore, provide an excellent model in which to study early events in mammary tumorigenesis, and also the interaction of p53 with altered growth factor signaling pathways. This transgenic model in some cases also provides a distinct advantage over p53 null mice that exhibit high levels of spontaneous lymphomas and sarcomas (Donehower et al., 1992) . Bigenic mice derived through crosses of mice expressing a targeted oncogene with p53 null mice may also develop tumors in organs not usually prone to tumorigenesis, e.g. the salivary gland tumors observed in the MMTV-ras/p53 null mice (Hundley et al., 1997) . Thus, it may not be possible to utilize these mice for drug or carcinogen screens in mammary tumorigenesis studies.
Loss of p53 function has been shown in the choroid plexus to in¯uence tumorigenesis primarily through the inhibition of apoptosis (Symonds et al., 1994) . However, this did not appear to be the case for DMBA-induced mammary carcinomas in our mouse model. Apoptosis in tumors from transgenic and nontransgenic mice were compared, but no signi®cant dierences were detected. Likewise, apoptosis did not appear to play a major role in p53 function for the development of mammary gland (Jones et al., 1997) or salivary gland (Hundley et al., 1997) tumors in Wnt-1/ p53 null and MMTV-ras/p53 bigenic mice, respectively. Thus, the eects of p53 loss or overexpression of a dominant-negative p53 mutant on apoptosis may be cell-type speci®c.
Increased rates of cellular proliferation have also been observed in mammary tumors in the Wnt-1/p53 null and the salivary tumors in the MMTV-ras/p53 null bigenic mice as compared to those arising in the Wnt-1 and MMTV-ras monogenic mice (Jones et al., 1997) . However, no signi®cant dierences in proliferation were observed in the DMBA-induced tumors between the nontransgenic and mutant p53 transgenic backgrounds. Because of the marked heterogeneity in the histopathology of DMBA-induced tumors, small dierences in proliferation rates may not have been detectable in these dierent tumor types. However, increased genomic instability has been uniformly observed in these bigenic mice de®cient in p53 as well in the mutant p53 transgenic mice treated with DMBA or crossed with mice overexpressing erbB2 (Donehower et al., 1995; Hundley et al., 1997; Li et al. 1997) . Larger pleiomorphic nuclei and aneuploidy, characteristic of these tumors, most likely resulted from spindle errors during cell division. These results are consistent with the observation that p53 is a component of the spindle checkpoint that ensures maintenance of diploidy (Cross et al., 1995; Hartwell and Kastan, 1994) .
Certain missense mutations of p53 create a unique conformation (Cho et al., 1994) that may facilitate interactions with other proteins by creating a novel interaction site or by disrupting interactions with other cellular proteins that normally serve to block aberrant p53-involved protein-protein interactions (Chen et al., 1994) . Amino acid 175 is not localized within the regions of the p53 protein that directly contact DNA, as are most of the other commonly mutated residues. The arginine side chain is located in the space between loops 2 and 3 of the protein, where it participates in bonds bridging the two domains (Cho et al., 1994) . This p53 mutant was found associated with the heat shock protein hsc70, bound the antibody PAb240, and was highly sensitive to proteolytic digestion (unlike the wild type protein), all of which suggested that the protein was at least partially denatured (Cho et al., 1994) . The 175 R ± H mutation appeared to be a gain-offunction mutation, and not merely a functional null or dominant negative mutant (Dittmer et al., 1993; Hinds et al., 1990) . It was capable of stimulating expression of MDRCAT (a human multidrug resistance [MDR]1 gene promoter-CAT construct) in p53-null cells, in a manner reversible by co-transfection of wild type p53 (Chin et al., 1992) . It conferred a growth advantage in the absence of endogenous wild type p53 protein in transfection experiments with Saos-2 cells, and injection of a cell line expressing this mutant p53 protein into nude mice resulted in tumorigenesis, which was not seen with the parental p53-null cells (Dittmer et al., 1993) . This mutant protein was also able to cooperate in co-transfection experiments with activated H-ras in the transformation of rat embryo ®broblasts (Hinds et al., 1990) .
Finally, as mentioned previously, p53 has been implicated in regulation of the G2/M checkpoint and mitosis, with particularly striking eects upon centrosomal duplication (Fukasawa et al., 1996) . Carcinogeninduced primary skin tumors from mice bearing a skintargeted 172 R ± H mutation displayed a much greater degree of aberrant centrosomal duplication than did tumors from p53-null mice, also supporting a gain-offunction eect of this mutation (Wang XJ and Roop DR, personal communication). As cited previously, the 175 R ± H p53 mutant was unable to bind a consensus p53 DNA-binding site, so it is likely that it mediates its gain-of-function through protein-protein interactions. It has been hypothesized that mutant p53 proteins may gain additional functions by interacting with other proteins that supply a DNA-binding domain. The resulting dimer or complex could then use the p53 transactivation domain to modulate a novel set of genes, including MDR-1 (Lin et al., 1995) , Studies are in progress to identify these genes and novel protein targets. Finally, since both the prognosis and the response to chemotherapy has been correlated with the presence of speci®c missense mutations in p53 (Aas et al., 1996) , the WAP-p53 R ± H mutant transgenic mouse model is of interest not only to study the mechanisms involved in mammary carcinogenesis, but also as a potential model for testing new therapies. 
Materials and methods
Materials
Southern and Northern blot analyses
The generation and screening of p53 transgenic mice, the isolation of DNA and RNA, and Southern and Northern blot analyses were performed as described previously (Li et al., 1994) .
TdT dUTP nick end labeling (TUNEL) analysis TUNEL was performed as described (Gavrieli et al., 1992) with the following modi®cations. Proteinase K digestions were carried out at 0.5 mg/ml for 10 min at 248C. Tissue sections were labeled with one unit of TdT and 1 nmol of 16-dUTP-biotin in 150 ul of TdT buer. These sections were then incubated with ABC reagent following the manufacturer's protocol and subsequently with DABnickel substrate for 5 ± 6 min. Sections were counterstained with 0.1% (w/v) methyl green for 30 s to 1 min, rinsed in distilled water, dehydrated through graded alcohols and xylene, and then mounted with Permount according to standard protocols.
Quantitation of apoptosis and cell proliferation
Images from TUNEL and BrdU/PCNA-analysed tumor sections and control glands were captured with a Sony 3CCD color video camera attached to a BX-50 Olympus microscope with Adobe Photoshop software. The number of apoptotic or proliferating cells and the total number of cells in three representative ®elds (1000 ± 1500 cells total per section) were counted, and the percentage of apoptotic or proliferating cells was used in the statistical analysis. This was performed using the JMP Statistical Visualization software from SAS Institute, Inc. (Cary, NC). At least ®ve tumors from each group were included in the comparisons reported, and several sections of each tumor were counted. Clusters of TUNEL-labeled fragments that occurred within the same cell diameter were counted as one apoptotic cell.
Pituitary isografting and carcinogen treatment
In order to ensure continuous hormonal stimulation, which results in WAP-p53 transgene expression, all mice treated with the carcinogen were ®rst given a pituitary isograft under anesthesia. In this procedure, one donor syngeneic pituitary gland was implanted under the kidney capsule of each experimental mouse at 3 to 5 weeks of age. Carcinogen treatment started 2 weeks later, and consisted of two doses of DMBA (0.5 mg each) administered by gavage, seven days apart.
Isolation of tumors and mammary glands
Tumors were surgically excised from p53172R-H mice under anesthesia when they reached approximately 161 cm in size, and were ®xed for 6 ± 8 h in 10% neutral buered formalin (NBF). They were stored in 70% ethanol, and then paran embedded and sectioned (5-micron sections, Probe-On Plus slides) for immunohistochemical and histopathological analysis. Control mice (p53172R-H and FVB, n=1 of each) were assessed for eect of the transgene in the mammary gland in the absence of carcinogen treatment by removing a litter after 10 days of lactation and allowing a further 5 days for involution to occur. Both 3rd (thoracic) and 4th (inguinal) mammary glands were surgically removed from each mouse under anesthesia, spread in Omniset tissue cassettes, and ®xed in 10% NBF for 6 h. Glands were stored in 70% ethanol, and then either paran embedded and sectioned for TUNEL analysis or stained with hematoxylin for whole mount analysis. TUNEL was performed on 5 mm sections mounted on Probe-on-Plus slides.
Whole mount staining
Staining was carried out according to the protocol of Williams and Daniel (1983) except that the glands were stained for only 2 h in hematoxylin solution.
Immunohistochemical analysis
Tumor sections collected as described were deparanized and rehydrated according to standard protocols. For PCNA detection, sections were ®rst blocked with 10% normal horse serum (NHS) in 16TBS for 20 min at 378C, and then incubated with primary antibody at a 1 : 50 (v/v) dilution in 10% NHS at 150 ml/slide. The slides were coverslipped and held in a humidi®ed chamber for 25 min at 378C. A 1 min TBS wash preceded application of goat anti-mouse secondary antibody at 1 : 1500 dilution in 10% NHS and incubation at 378C for 15 min in the chamber. For p53 deletion, slides were blocked in 5% normal goat serum (NGS) in 16TBS for 5 min at 378C. Primary antibody (rabbit anti-mouse) was applied at a dilution of 1 : 200 in 10% NGS, and slides were incubated at 378C for 15 min. After a 2 min TBS wash, slides were incubated with biotinylated goat anti-rabbit secondary antibody at a dilution of 1 : 500 in 10% NGS at 378C for 15 min. Following incubation with secondary antibody in both cases, slides were incubated with ABC reagent according to the manufacturer's protocol (Vector Labs) and visualized with diaminobenzidine for 5 ± 7 min. Sections were counterstained with 0.1% (w/v) methyl green for approximately 1 min, rehydrated through graded alcohols and xylene and mounted with Permount according to standard protocols. Bromodeoxyuridine labeling was performed in accordance with the manufacturer's protocol.
Flow cytometric analysis of paran-embedded tumor sections
Flow cytometric analysis of all 13 paran-®xed tumor samples was performed. Nuclear suspensions were prepared from tissue blocks using a modi®cation of Hedley's protocol (Hedley et al., 1985) . Brie¯y, three 50-micron sections were cut from each sample. These were ®rst deparanized in xylene for two 50 min intervals at 258C, and then rehydrated through graded alcohols (100%, 95%, 70%, and 50%), ending with deionized water. There was a 50 min incubation at 258C at each alcohol concentration change. The tissue was subsequently treated with a 0.5% pepsin solution for 30 min at 378C to create a single cell suspension. The resulting solution was ®ltered through a 74-micron mesh and then the nuclear suspension was stained using the Vindelov technique (Vindelov et al., 1983) . Fresh chicken erythrocyte nuclei (CEN) was used as a control in order to detect problems with ®xation, pepsinization, etc. A 5 ml solution of a 20 000 000 CEN/ ml suspension was added prior to DNA staining. These nuclei¯uoresence at or near channel 100. The sample for DNA¯ow analysis was acquired on a FACScan¯ow cytometer (Becton Dickinson, San Jose, CA). Twenty thousand events were collected, and the parameters used for gating were FL2-W versus FL2-A. Aneuploid tumors met the following criteria: two individual G0/G1 peaks or an asymmetric G0/G1 peak with two well-de®ned G2/M peaks. As suggested by Shankey et al. (1993) , the ®rst peak, appearing near channel 200, is assumed to be the diploid G0/G1 peak. Histograms were analysed using the ModFit LT software (Verity Software House, Topsham, ME).
H-ras codon 61 A-T mutation analysis
PCR ampli®cation of the codon 61 region of the H-ras gene was carried out as in Gimenez-Conti et al. (1992) . Subsequent detection of A-T transversions by RFLP was performed as in Nakazawa et al. (1992) . DNA sequence analysis was performed according to manufacturer's instructions (Exo-Pfu Cyclist DNA Sequencing Kit, Stratagene, La Jolla, CA).
